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ABSTRACT
ALMA [CII] line and continuum observations of five redshift z > 6 quasars are presented. This
sample was selected to probe lower black hole mass quasars than most previous studies. We find
a wide dispersion in properties with CFHQS J0216−0455, a low-luminosity quasar with absolute
magnitude M1450 = −22.2, remaining undetected implying a limit on the star formation rate in the
host galaxy of <∼ 10M yr−1, whereas other host galaxies have star formation rates up to hundreds of
solar masses per year. Two other quasars have particularly interesting properties. VIMOS2911 is one
of the least luminous z > 6 quasars known with M1450 = −23.1, yet its host galaxy is experiencing a
very powerful starburst. PSO J167−13 has a broad and luminous [CII] line and a neighbouring galaxy
a projected distance of 5 kpc away that is also detected in the [CII] line and continuum. Combining
with similar observations from the literature, we study the ratio of [CII] line to far-infrared luminosity
finding this ratio increases at high-redshift at a fixed far-infrared luminosity, likely due to lower dust
content, lower metallicity and/or higher gas masses. We compile a sample of 21 high-redshift quasars
with dynamical masses and investigate the relationship between black hole mass and dynamical mass.
The new observations presented here reveal dynamical masses consistent with the relationship defined
by local galaxies. However, the full sample shows a very wide scatter across the black hole mass –
dynamical mass plane, whereas both the local relationship and simulations of high-redshift quasars
show a much lower dispersion in dynamical mass.
Subject headings: cosmology: observations — galaxies: evolution — galaxies: high-redshift — quasars:
general
1. INTRODUCTION
Massive galaxies in the nearby universe have supermas-
sive (greater than a million times the mass of the Sun)
black holes lurking at their centers. In most cases these
black holes are inactive as there is little gas or stars close
enough to the event horizon to be accreted. However,
the very existence of these black holes shows that a large
amount of material must have been accreted earlier in the
lifetime of the galaxy when it would have been viewed as
an active galactic nucleus (AGN), and when particularly
luminous and not obscured, as a quasar. The masses
of local supermassive black holes are correlated with the
velocity dispersion of the bulges in their host galaxies
(Ferrarese & Merritt 2000). This has led to almost two
decades of study into the physical reason for this cor-
relation, in which AGN feedback and merging are key
components (see Kormendy & Ho 2013 for a review).
Studying relations between galaxies and quasar activity
out to the earliest cosmic epochs are key for understand-
ing this puzzle.
Pioneering work with bolometer cameras showed that
between 20% and 40% of very high-redshift (z > 5)
quasars have detectable millimeter or sub-millimeter
emission from cool dust (Bertoldi et al. 2003; Robson
et al. 2004; Wang et al. 2008, 2011; Omont et al. 2013).
The relatively weak correlation between far-infrared lu-
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minosity and quasar bolometric luminosity, in addition
to spectral energy distribution fits for a few quasars, sug-
gest the predominant source of energy that heats the dust
comes from extreme starbursts with star formation rates
>∼ 500M yr−1, rather than the quasar itself (Wang et al.
2011).
This field has undergone a revolution with the superb
sensitivity and spatial resolution of the Atacama Large
Millimeter Array (ALMA). The host galaxies of almost
all z ≈ 6 quasars are now detectable with ALMA in both
continuum and the [C ii] 158µm emission line, providing
information on their dust properties, chemical enrich-
ment, star formation rate and kinematics. The highest
redshift quasar hosts show a wide range of star forma-
tion rates (Omont et al. 2013; Willott et al. 2013; Ven-
emans et al. 2012, 2016; Wang et al. 2016) and the rate
for moderate luminosity quasars is significantly lower at
z = 6 than at z = 2 (Willott et al. 2015a), implying a
looser connection between these two processes at an early
epoch.
Previous studies have shown that the black hole masses
of z > 5 quasars lie above that expected for their dy-
namical masses determined from the [C ii] line if they
were to lie on the same tight correlation in place at low
redshift (Walter et al. 2004; Wang et al. 2013, 2016).
Although unknown disk inclinations can be an issue for
individual sources, the full sample should be viewed at
random orientations within those allowed by AGN unifi-
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cation schemes (Carilli & Wang 2006; Ho 2007). If this
observational result is true it shows that black hole ac-
cretion was much more rapid in the early universe, pos-
sibly requiring super-Eddington accretion or extremely
massive black hole seeds (Volonteri et al. 2015). How-
ever, when studying the most luminous quasars in an
optically-selected sample only those with the most mas-
sive black holes get selected and therefore if there is a
wide dispersion in the relation between black hole and
dynamical mass, there is an expectation of a bias to high
black hole masses in the observed sub-sample compared
to that in a volume-limited sample (Willott et al. 2005;
Lauer et al. 2007). Indeed, in a previous study of three
moderate luminosity quasars with lower black hole mass,
we showed that their dynamical masses match those of
local galaxies (Willott et al. 2015a).
In this paper we extend the sample size of our study
of moderate luminosity quasars with black holes in the
mass range 107 < MBH < 10
9M at z > 6. In Sec-
tion 2 we present the new ALMA observations and data
processing. Section 3 details the results for each quasar.
Section 4 compares the [C ii] line and far-IR luminosities
and studies how the ratio between these two depends on
far-IR luminosity and redshift. Section 5 analyzes the
correlation between black hole and dynamical mass in
the light of these new observations. Cosmological pa-
rameters of H0 = 67.8 km s
−1 Mpc−1, ΩM = 0.307 and
ΩΛ = 0.693 (Planck Collaboration 2014) are assumed
throughout.
2. OBSERVATIONS
The high-redshift quasars observed in ALMA Cycle
3 project 2015.1.00606.S are CFHQS J021627−045534
(J0216−0455), CFHQS J022122−080251 (J0221−0802),
CFHQS J232908−030158 (J2329−0301), PSO
J167.6415-13.4960 (PSO J167−13) and VI-
MOS2911991793 (VIMOS2911). The quasars were
selected for study with ALMA based on their black
hole masses < 109M to substantially increase the
number of z > 6 quasars with such low black hole
mass observed in the [C ii] line and dust continuum.
Positions, redshifts, black hole masses and references for
the observed quasars are given in Table 1. J2329−0301
has previously been observed in ALMA Cycle 0 project
2011.0.00243.S but was not securely detected in either
line or continuum with only a hint of [C ii] line emission
at the expected frequency (Willott et al. 2013). The
Cycle 3 observations presented here use more antennae
to provide better sensitivity.
Observations of each quasar were made using 37 or 38
of the 12 m diameter antennae. The maximum baselines
were between 450 and 700 m providing beam major axes
in the range 0.6 to 0.8 arcsec for good sensitivity to emis-
sion extended on the expected quasar host galaxy scales
of a few kpc. On-source integration times ranged from 43
to 49 minutes. Observations of the science targets were
interleaved with those of nearby phase calibrators.
The band 6 (1.3 mm) receivers were set to cover the fre-
quency range expected for the redshifted [C ii] transition
(νrest=1900.5369 GHz) and to sample the dust contin-
uum. Each setup has four ≈ 2 GHz basebands, two pairs
of adjacent bands with a 11 GHz gap in between. One of
these bands was centred on the expected [C ii] location
based on published Mg ii (if available) or Lyα redshifts.
Each baseband covers a redshift interval of δz ≈ 0.06.
The 128 channels in each band have width 15.625 MHz
(equal to 17.3 km s−1 to 18.5 km s−1 at these redshifts).
The three bands without the line were used to form a
continuum image.
Data processing was performed with the CASA soft-
ware package1. All five targets were imaged in a consis-
tent manner with no channel binning and natural base-
line weighting (Briggs robust parameter = 2). The line
cube data were continuum-subtracted in the uv-plane
with flagging of channels showing line emission. Flux cal-
ibration used either Pallas or a quasar from the ALMA
bandpass calibrator grid source list. The estimated flux
calibration uncertainties are 5% and this is added in
quadrature to all flux measurement uncertainties. The
continuum sensitivity achieved ranged from 11 to 14 µJy
per beam rms. The single channel rms in the band con-
taining the line was between 0.09 and 0.14 mJy per beam.
Measurements from the ALMA data are given in Table
2. Line moment zero and continuum images are shown
in Figure 1. For obvious line-detected sources the mini-
mum and maximum channels to use in the moment zero
image were those showing significant (>∼ 2σ) emission in
the individual channel maps. For sources without line
detections the central 20 channels (≈ 350 km s−1) were
used to make the moment zero map. Extracted spectra of
the sub-band where the [C ii] line is expected are plotted
in Figure 2. For detected sources an elliptical aperture
of 1.5× the measured source FWHM along the major
and minor axes was used to extract the spectrum. For
sources without line detections an elliptical aperture of
1.5× the beam size was used. Uncertainties in each line
channel and in the continuum were determined by plac-
ing random apertures of equivalent size within regions of
the maps free of genuine emission and with similar noise
to the center.
3. NOTES ON INDIVIDUAL QUASARS
3.1. CFHQS J0216−0455
J0216−0455 is the lowest luminosity quasar discovered
in the CFHQS with absolute magnitude M1450 = −22.21
(Willott et al. 2009). The redshift of z = 6.01 is based
on a strong and narrow Lyα line, where the broad red
wing of this line identifies the object as an AGN rather
than a Lyman break galaxy. Mg ii emission has not been
detected for this quasar, so the black hole mass of 2 ×
107M is instead estimated assuming that it accretes at
the Eddington rate (Willott et al. 2010a).
In the ALMA data there is no detection of either line or
continuum emission. The expected [C ii] redshift is based
on the narrow Lyα line so we do not think it likely that
the true position of the [C ii] line is outside the observed
band. The adjacent sub-band was searched for a [C ii]
line, but no line was seen. The non-detection in both line
and continuum is consistent with a low star-formation
rate ( 3σ limit of <∼ 10M yr−1) in the host galaxy of
this very low black hole mass and luminosity quasar.
3.2. CFHQS J0221−0802
This quasar is typical of the luminosity and black hole
mass of the CFHQS survey. The Lyα emission line is
2 http://casa.nrao.edu
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TABLE 1
Position and redshift data
Quasar RA DEC z[CII] zMgII zLyα M1450 MBH(M)a
J0216−0455 02:16:27.81 −04:55:34.1b – – 6.01e −22.21 2× 107 e
J0221−0802 02:21:22.718 −08:02:51.62c – 6.161± 0.014f 6.13g −24.45 7× 108 f
PSO J167−13 11:10:33.986 −13:29:45.85d 6.5157± 0.0008 6.508± 0.001h – −25.62 4.9× 108 h
VIMOS2911 22:19:17.227 +01:02:48.88d 6.1492± 0.0002 – 6.156i −23.10 5× 107 i
J2329−0301 23:29:08.30 −03:01:58.3d 6.4164± 0.0008 6.417± 0.002f 6.43j −25.25 2.5× 108 f
Notes.—
a Uncertainties on black hole masses are dominated by the 0.3 dex scatter in the calibration of the Mg ii virial technique.
b Optical position from discovery paper.
c Millimeter continuum position from this work.
d Millimeter line position from this work.
References: e Willott et al. (2009); f Willott et al. (2010a); g Willott et al. (2010b); h Venemans et al. (2015); i Kashikawa et al. (2015); j
Willott et al. (2007).
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Fig. 1.— ALMA [C ii] line (color scaling) and continuum (white contours) maps of the five z > 6 quasars. Continuum contours are drawn
at levels of 2, 3, 4σ beam−1 for the three CFHQS quasars and 2, 10, 20, 30σ beam−1 for PSO J167−13 and VIMOS2911. The beam size is
indicated in yellow in the lower-left corner of each panel. [C ii] is detected in three of the five quasars. Three quasars are well detected in
continuum and J2329-0301 has a 2σ detection not well shown by the contours.
broad and asymmetric with a narrow spike at z = 6.13
(Willott et al. 2010b). The near-IR spectrum shows a
relatively broad Mg ii line that has a large uncertainty
on both its peak location (z = 6.161 ± 0.014) and line
width, due to the faintness of the quasar and high sky
noise at this wavelength (Willott et al. 2010a).
Figure 1 shows a clear continuum detection (at ≈ 5σ),
but no evidence for the [C ii] line is seen in either the line
map or extracted spectrum. Despite the low S/N of the
continuum detection, the source is significantly elongated
at an angle very different from the beam. The adjacent
sub-band was also searched for line emission but none
was seen. For the ALMA observations we centred the
frequency sub-band based on the Mg ii redshift. Figure
2 shows the spectrum with the [C ii] locations expected
based on the Mg ii and Lyα lines. The uncertainty in
the Mg ii redshift covers most of the sub-band. Unfor-
tunately the adjacent sub-band was set to cover lower
frequency so it does not cover the [C ii] location for the
Lyα redshift. Based on the typical [C ii] line to contin-
uum ratios for z > 6 quasars with this far-IR luminosity
(see Section 4) we would expect to have detected the [C ii]
line at > 10σ significance. Offsets of > 1000 km s−1 be-
tween the Mg ii and [C ii] redshifts have been found for
other high-redshift quasars by Venemans et al. (2016).
Therefore we make the assumption that the [C ii] redshift
is similar to the Lyα redshift and was therefore missed
by these observations. Table 2 gives limits based on the
non-detection of [C ii] in this quasar, but we do not use
these for the remainder of this paper because of the high
likelihood that the line was missed.
3.3. PSOJ167−13
This is one of three z > 6.5 quasars discovered in
the Pan-STARRS1 survey by Venemans et al. (2015).
The optical–near-IR spectrum shows broad Lyα and
Mg ii giving a redshift of 6.508 and black hole mass of
4.9 × 108M, the only one in their paper with MBH <
109M, which is why we targeted it with ALMA.
The ALMA data reveal PSO J167−13 as a very lumi-
nous and extended source in both continuum and [C ii]
line emission. A Gaussian fit to the continuum yields a
deconvolved size of 0.98 ± 0.06 × 0.43 ± 0.05 arcsec at
position angle of 120◦, equivalent to 5.5 × 2.4 kpc. The
continuum emission is asymmetric being more extended
to the south-east than north-west of the peak (Figure 1).
The source is similarly extended in the [C ii] line. The
peak positions of line and continuum are co-incident
and there is a roughly constant line to continuum ra-
tio across the whole source, however a Gaussian fit to
the [C ii] moment zero map gives a larger deconvolved
size of 1.29± 0.09× 0.65± 0.06 arcsec at position angle
of 124◦, equivalent to 7.2× 3.6 kpc.
To get a clearer idea of the spatial and velocity struc-
ture of the [C ii] emission of PSO J167−13 in Figure 3
we show maps in separate velocity bins. Each bin is the
sum of two of the original 128 channels, i.e. 31.25 MHz
or 37.0 km s−1. Zero velocity is defined based on the red-
shift of the [C ii] peak that is co-incident with the peak
in continuum and therefore assumed to be co-located
with the quasar nucleus. The centroid of the emission
smoothly shifts towards the north-west as velocity in-
creases from zero to higher values. This is reminiscent
of some other z ≈ 6 quasar host galaxies at this spa-
tial resolution (Wang et al. 2013; Willott et al. 2013),
possibly indicative of a rotating disk. As one moves to
negative velocities a similar effect of shifting the centroid
4 Willott et al.
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Fig. 2.— ALMA band 6 spectra (black solid line) covering the
expected frequency range of the [C ii] emission line. For detected
lines the best-fit Gaussian model is over-plotted in blue. For
PSO J167−13 the fitted curve is a combination of three Gaussians
as described in the text. The ±2σ noise per channel is also shown
(dotted green). Expected [C ii] locations given the redshifts of rest-
frame UV lines are indicated with arrows. For J2329−0301 the
ALMA Cycle 0 spectrum is shown with gray shading.
to the south-east is seen, but in addition there is a dis-
tinct source located 0.9 arcsec from the quasar centre
at 11:10:34.030 −13:29:46.301. This source is visible at
a wide range of velocities from −450 to 0 km s−1 with a
peak at −270 km s−1 or redshift z = 6.5090. Because this
source is spatially and spectrally distinct from the main
component we interpret this as a companion galaxy lying
at a projected distance of only 5.0 kpc from the quasar.
Similar [C ii] companions have been seen in a few other
z > 6 quasars (Decarli et al. 2017) and galaxies (Willott
et al. 2015b; Maiolino et al. 2015). Multiple UV com-
ponents separated by a few kiloparsecs are very common
in the most UV-luminous galaxies at this epoch (Bowler
et al. 2017), suggesting a high merger rate for such galax-
ies. It is likely that high black hole mass quasars are
hosted in similar galaxies.
The extracted [C ii] spectrum (Figure 2) shows a broad
(500 km s−1), approximately Gaussian, profile. However,
we know from Figure 3 that this is composed of multiple
components. The peak in the [C ii] spectrum is offset
by about −80 km s−1 from the zero velocity defined by
the peak at the [C ii] quasar position. This is because
of additional components at negative velocities. In ad-
dition there is the relatively broad (−450 to 0 km s−1)
companion galaxy component visible at a positional off-
set of 0.9 arcsec from the quasar. Therefore we fit the
[C ii] spectrum for this source with a combination of three
Gaussians; one for the quasar host, one for the compan-
ion galaxy and one for what we term the central excess
at the peak of the integrated [C ii] profile. The relative
velocities of these Gaussian components are fixed based
on the information from Figures 2 and 3 at 0 km s−1 for
the quasar host, −270 km s−1 for the companion galaxy
and −80 km s−1 for the central excess and only the am-
plitude and width of the Gaussians allowed to vary as
free parameters. The resulting fit is shown in Figure 2
to provide a good fit to the integrated spectrum.
In Figure 4 we show a position-velocity (P-V) diagram
obtained by taking a slice along the major axis defined
by the quasar host and companion. This shows clearly
the two separate components in space and velocity and
suggests the companion galaxy has further structure that
would perhaps be possible to separate with higher spatial
resolution observations. The P-V diagram further sug-
gests the narrow central excess component at −80 km s−1
may be located at 0.5 to 1.5 arcsec south-east of the
quasar in roughly the same location in projected space as
the companion. This is reminiscent, but on a scale a fac-
tor of two larger, to the [C ii] P-V diagram of the z = 6.07
Lyman break galaxy WMH5 (Willott et al. 2015b) that
has been interpreted as two sub-components undergoing
infall along a filament forming a massive galaxy (Jones
et al. 2017) as seen in simulations (Pallottini et al. 2017).
At positive velocities the P-V diagram also shows a veloc-
ity gradient, as was seen in the channel maps, indicative
of a rotating disk. Follow-up at higher resolution would
be required to verify this interpretation.
For the dynamical mass estimate in Section 5 we use
a deconvolved size for the quasar host only of 1.01 ±
0.08 × 0.68 ± 0.07 arcsec (5.6 × 3.8 kpc) calculated by
replacing the south-east half of the [C ii] emission with
a copy of the emission to the north-west. This ensures
only the potential galaxy disk component contributes to
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Fig. 3.— Channel maps from the PSO J167−13 [C ii] cube. Each
image shows the [C ii] emission binned by two channels (δv =
37.0 km s−1). Continuum contours at levels of 2, 10, 30σ beam−1
are shown in white. In the velocity range −450 to 0 km s−1 there is
a separate source, which we call the companion galaxy, located 0.9
arcsec (projected distance 5.0 kpc) to the south-east and marked
with an x.
the dynamical mass estimate, not that of the companion
galaxy or central excess.
Venemans et al. (2015) quote an ionized near-zone size
of 1.5±0.7 proper Mpc for this quasar based on the Mg ii
redshift of z = 6.508 ± 0.001. If one instead assumes
the [C ii] redshift of z = 6.5157± 0.0008 as the systemic
redshift the near-zone size would be 1.9±0.8 proper Mpc.
Therefore the revised redshift does not make a significant
change to the near-zone size for this quasar.
3.4. VIMOS2911
VIMOS2911 is a faint quasar discovered at z = 6.16
in the Subaru High-z Quasar Survey of Kashikawa et al.
(2015). With absolute magnitude M1450 = −23.1 it was
the second z ≈ 6 quasar, after CFHQS J0216−0455, to be
found in the rest-frame UV luminosity range overlapping
that of star-forming galaxies. The black hole mass has
not yet been measured using broad emission line widths,
but assuming that it accretes at the Eddington rate (see
Section 5 for rationale of this assumption), Kashikawa
et al. (2015) find it to have MBH = 5× 107M.
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Fig. 4.— Position-velocity diagrams for PSO J167−13 (left) and
VIMOS2911 (right). In both diagrams the central emission is tilted
showing a velocity offset from one side of the source to the other.
In PSO J167−13 there is additionally extended [C ii] emitting gas
corresponding to the companion galaxy, marked with an x, and the
central excess at velocity ≈ −80 km s−1.
Considering the low luminosity and black hole mass
of VIMOS2911, the ALMA observations show a sur-
prisingly powerful starburst in the host galaxy. There
are very strong [C ii] line and continuum detections,
only a little less luminous than for PSO J167−13. In
the continuum the source has a deconvolved size of
0.29 ± 0.07 × 0.08 ± 0.14 arcsec at position angle of
142◦, with the major axis size equivalent to 1.7 kpc.
The [C ii] moment zero source size is somewhat larger at
0.52± 0.05× 0.38± 0.06 arcsec at position angle of 20◦,
equivalent to 3.0 × 2.2 kpc. The greater extent of [C ii]
than continuum seen for PSO J167−13 and VIMOS2911
is characteristic of high-redshift quasars with high S/N
detections (Wang et al. 2013), potentially because some
fraction of the dust is heated by the quasar. However,
for VIMOS2911 the low quasar luminosity would imply a
negligible contribution to the dust continuum luminosity
and its luminosity is expected to be mostly due to star
formation (see Section 4 for further discussion) .
The extracted spectrum of VIMOS2911 (Figure 2) is
well fit by a single Gaussian with FWHM=264 km s−1,
which is fairly narrow for a quasar host galaxy. The P-
V diagram (Figure 4) shows much more symmetry than
PSO J167−13 and a gradual change in peak location ver-
sus velocity as would be found for a marginally-resolved
disk (c.f. the quasars in Wang et al. 2013).
3.5. CFHQS J2329−0301
CFHQS J2329−0301 is a z = 6.417 quasar based on the
Mg ii redshift with black hole mass MBH = 2.5×108M.
It is embedded in a luminous Lyα halo extending over
15 kpc (Goto et al. 2009; Willott et al. 2011). In Cy-
cle 0 we made ALMA observations that did not de-
tect either line or continuum reaching limits quoted as
I[CII] < 0.10 Jy km s
−1 and f1.2mm < 90µJy (Willott
et al. 2013). Weak [C ii] emission at a significance level
insufficient to be called a secure detection was noted in
the Cycle 0 data. The new Cycle 3 data goes deeper and
in the following we will compare it with the Cycle 0 data.
Inspection of the [C ii] data cube and continuum map
both show weak emission at a position 0.5 arcsec north
of the expected position. However this expected position
is based on optical data with an astrometric uncertainty
of 0.5 arcsec. As noted in Willott et al. (2013) there
is a lower redshift galaxy 7 arcsec north of the quasar
detected in the optical and ALMA continuum. The spa-
tial offset between this galaxy and the weak continuum
6 Willott et al.
TABLE 2
Millimeter data
Quasar FWHM[CII] I[CII] L[CII] f1.2mm LFIR SFR[CII] SFRFIR L[CII]/LFIR Mdyn
km s−1 Jy km s−1 108L µJy 1011L M yr−1 M yr−1 10−3 M
J0216−0455a – < 0.08 < 0.7 < 36 < 0.8 < 7 < 13 – –
J0221−0802a – < 0.12 < 1.2 247± 55 5.7± 1.3 < 12 85± 19 < 0.2 –
PSO J167−13b 469± 24 3.84± 0.20 42.6± 2.2 1290± 84 27.1± 1.8 426± 22 407± 26 1.57± 0.13 2.3× 1011
VIMOS2911 264± 15 2.54± 0.13 25.9± 1.3 766± 47 17.6± 1.1 259± 13 264± 16 1.47± 0.12 4.4× 1010
J2329−0301 477± 64 0.36± 0.04 3.9± 0.4 39± 19 0.90± 0.44 39± 4 13± 7 4.4± 2.2 1.2× 1011
Notes.—
Quoted uncertainties in LFIR, SFR[CII] and SFRFIR only include measurement uncertainties, not the uncertainties in extrapolating from a
monochromatic to integrated luminosity or that of the luminosity-SFR calibrations. The effect on LFIR and SFRFIR for dust temperatures
different from the nominal Td = 47 K are given by scaling factors of 0.7 and 1.7 for Td = 40 K and 60 K respectively. All upper limits are
3σ.
a Limits involving [C ii] lines for these two quasars assume that the line lies within the observed ALMA frequency band. This is particularly
uncertain for J0221−0802 where we suspect the line lies outside the observed frequency range.
b For PSO J167−13 all data except the FWHM include the companion galaxy because it cannot be separated in the continuum. From the
fit in Figure 2 the quasar host component accounts for 80% of the total [C ii] emission.
emission matches that between this galaxy and the opti-
cal quasar thereby proving that the [C ii] and continuum
detections are indeed from the quasar.
The continuum is detected with flux-density f1.2mm =
39 ± 19µJy, so only 2σ and consequently barely visible
in contours on Figure 1. This low flux explains why it
was not visible in the Cycle 0 observations. The 2σ con-
tinuum detection is taken seriously here because it co-
incides with a higher significance (10σ) detection in the
[C ii] line. As seen in Figure 2 the line is fairly broad and
appears to have three or more peaks, but this may be due
to noise. The redshift from a Gaussian fit almost exactly
matches that of the Mg ii line. Also plotted on Figure 2 is
a thin grey line showing the Cycle 0 spectrum. This has
been extracted over the same region as the Cycle 3 spec-
trum, so shows a higher flux than the spectrum presented
in Willott et al. (2013) which used a smaller extraction
region centred 0.5 arcsec to the south. It can be seen
that the Cycle 0 spectrum has positive emission at simi-
lar frequencies to the Cycle 3 spectrum, but with higher
noise. The Cycle 3 flux of I[CII] = 0.36 ± 0.04 Jy km s−1
is higher than the limit in Willott et al. (2013). This is
explained by the smaller aperture and smaller FWHM
assumed when deriving that limit. The [C ii] moment
zero deconvolved source size is 0.85± 0.33× 0.31± 0.19
arcsec at position angle of 25◦, equivalent to 4.8×1.7 kpc.
4. [CII] AND FIR LUMINOSITIES
From the observed continuum and line measurements
we make determinations of far-infrared and [C ii] line lu-
minosities and from these estimates of the star forma-
tion rate. The far-IR luminosity LFIR integrated over
rest-frame 42.5 to 122.5µm is determined from the ob-
served 1.2 mm continuum assuming a greybody spectrum
with dust temperature, Td = 47 K and emissivity index,
β = 1.6, to be consistent with previous works. There are
few measurements of z > 6 quasar dust SEDs extend-
ing into the observed millimeter, but Venemans et al.
(2016) measured the continuum slope in ALMA data of
one z = 6.6 quasar and found it implied a temperature of
37+11−7 K, consistent with our assumed temperature. We
also calculate the far-IR luminosity for two other values
of dust temperature to give an indication of the likely
systematic uncertainty. For Td = 40 K and Td = 60 K
the scaling factors to apply to LFIR are 0.7 and 1.7 re-
spectively. This uncertainty due to dust temperature is
included in the error bars plotted in Figure 5.
To convert from LFIR to SFR we use the relation
SFR (M yr−1) = 1.5× 10−10LFIR (L) (1)
appropriate for a Chabrier IMF (Carilli & Walter 2013).
Note this assumes that all the dust is heated by star
formation and not by the quasar. The star formation
rate can also be determined from the [C ii] luminosity.
We use the relation
SFR (M yr−1) = 1.0× 10−7L[CII] (L) (2)
of Sargsyan et al. (2014) that is valid to a precision of
50% for a wide range of low-redshift star-forming galaxies
and consistent with other low-redshift studies (De Looze
et al. 2014; Herrera-Camus et al. 2015).
As seen in Table 2, values of star formation derived
from these two methods, [C ii] line and dust continuum,
are comparable for these quasars. The two values would
be equal for the case where the ratio of L[CII]/LFIR is
1.5 × 10−3. At low redshift it is well known that the
most luminous, and hottest, infrared galaxies have a rel-
ative deficit of [C ii] emission with ratios of a few ×10−4,
compared to a few ×10−3 for normal star-forming galax-
ies (De Looze et al. 2014; Dı´az-Santos et al. 2017). A
number of factors contribute to this correlation, but the
overwhelming factor appears to be an increase in the ra-
diation field in compact starburst regions (Dı´az-Santos
et al. 2017). Within individual galaxies there is a clear
decrease in the ratio with increasing SFR density (Smith
et al. 2017). Figure 5 shows the trend of a decreasing
ratio with increasing LFIR for a compilation of galaxies
at z < 0.4 from Gracia´-Carpio et al. (2011) and Sargsyan
et al. (2012).
For high-redshift galaxies a similar trend of decreasing
L[CII]/LFIR with increasing LFIR has been found, how-
ever at a given LFIR the ratio appears higher than at
low redshift (Stacey et al. 2010; Brisbin et al. 2015). In
the pre-ALMA era it was only possible to observe ul-
traluminous (LFIR > 10
12L) galaxies at high redshifts.
With ALMA detections of line and continuum down to
LFIR ∼ 1010L in z > 5 galaxies the difference between
the ratios at low- and high-redshift has been reduced
(Willott et al. 2015a,b; Capak et al. 2015).
In Figure 5 we plot the ratio of L[CII]/LFIR against
LFIR for 22 quasars at z > 5.7. There is a clear cor-
relation here that approximately matches the slope seen
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Fig. 5.— Ratio of [C ii] to far-IR luminosity against far-IR lu-
minosity for samples of low-redshift galaxies (Gracia´-Carpio et al.
2011; Sargsyan et al. 2012) and high-redshift quasars (Maiolino
et al. 2005; Venemans et al. 2012, 2016, 2017; Wang et al. 2013,
2016; Willott et al. 2013, 2015a; Ban˜ados et al. 2015; Decarli et al.
2017). The three quasars from this paper are marked by error
bars and labeled. Error bars are omitted for literature sources for
clarity. The z > 5.7 quasars are color-coded by their absolute
UV magnitudes (see color bar), a direct measure of AGN lumi-
nosity. The best-fit relation between the ratio and LFIR for our
22 z > 5.7 quasar sample is plotted with a blue line. This figure
shows that (i) the high-redshift quasars follow a relation between
the [C ii] to far-IR ratio and far-IR luminosity, (ii) the relation is
offset at higher redshift in the direction of stronger [C ii] lines, (iii)
the far-IR luminosity is correlated with AGN luminosity but with
large scatter as illustrated by the similar LFIR of VIMOS2911 and
SDSS J0100+2802 (also labeled) despite the factor of > 100 differ-
ence in AGN luminosity.
at lower redshift. We fit the relationship between L[CII]
and LFIR for the high-z quasar sample using orthogonal
distance regression that accounts for errors in both axes.
We find
log10 LFIR = −7.35 + 2.11 log10 L[CII] (3)
indicating a steeper correlation than in our previous work
(slope of 1.27 in Willott et al. 2015). The difference is
due to the increased sample size and a change in fit-
ting method that accounts for errors in both axes. For
the L[CII]/LFIR ratio line plotted in Figure 5 there is a
logarithmic slope of (1/2.11) − 1 = −0.53. There are
some indications from our data that the slope flattens
at LFIR < 10
12L, just as it does for the low-redshift
galaxies.
The high-redshift best fit relationship is offset by a fac-
tor of three compared to the low-redshift galaxies. There
are several factors that may cause this offset. Fisher
et al. (2014) suggested that high-redshift galaxies are de-
ficient in dust, as also seen in rest-frame UV observations
(Bouwens et al. 2014), and have low metallicities with
properties similar to scaled-up local dwarfs. Such galax-
ies typically have L[CII]/LFIR ≈ 3× 10−3 (Cormier et al.
2015), similar to the low-luminosity end of the z > 5.7
quasar relation. Narayanan & Krumholz (2017) present
a model where the [C ii] emission arises predominantly
at the surfaces of clouds and suggest it is the higher gas
mass at early epochs that causes a higher ratio of [C ii]
to continuum emission.
Smith et al. (2017) showed that in individual nearby
galaxies there is a correlation with both metallicity and
radius, in that there is enhanced [C ii] relative to con-
tinuum, in the more metal-poor, outer regions of the
galaxies. In addition to this they also showed a strong
anti-correlation of the ratio with star formation rate den-
sity, which also obviously increases towards the center. It
is interesting to compare this with observations of high-
redshift quasars. Whilst the quasars are mostly only just
resolved in current ALMA observations, in cases where
deconvolved sizes can be measured it has always been
found that the [C ii] emission is somewhat more extended
than the dust continuum as we found for PSOJ167−13
and VIMOS2911 here (Wang et al. 2013; Cicone et al.
2015; Venemans et al. 2016). This is in agreement with
the spatially-resolved results at lower redshift.
One possibility to explain the more extended line than
continuum emission in quasars is that a large fraction of
the energy that heats the dust comes from the quasar
nucleus. In Figure 5 we color-coded the z > 5.7 quasar
sample with their absolute magnitudes. A positive corre-
lation between quasar luminosity and far-IR luminosity
does exist as has been seen previously (Wang et al. 2011;
Omont et al. 2013; Venemans et al. 2016). However,
there is a large amount of scatter and significantly the
most luminous and least luminous quasars in the sample,
SDSS J0100+2802 (Wang et al. 2016), and VIMOS2911
(this paper), have very similar values of both L[CII] and
LFIR. In particular, the fact that the most luminous
known z > 6 quasar has a relatively high L[CII]/LFIR
ratio suggests that it is not necessarily the presence of
a luminous AGN that depresses the global [C ii] to FIR
ratio.
An alternative to using the ratio of [C ii] to far-IR lu-
minosities is to calculate the rest-frame equivalent width,
EW[CII], of the [C ii] line. This quantity has the advan-
tage of not depending on the extrapolation from a single
far-IR continuum point to the integrated far-IR luminos-
ity. For our three quasars with detections in line and
continuum we find EW[CII]=1.56 (PSO J167−13), 1.74
(VIMOS2911) and 4.86 (J2329−0301) µm. These are
comparable to the typical value of EW[CII]=1.27 µm for
local starburst galaxies (Venemans et al. 2016).
5. DYNAMICAL MASS AND BLACK HOLE MASS
The aim of this observing program was to increase the
number of quasars at z > 6 and black hole massesMBH <
109M with ALMA line and continuum measurements.
This region of parameter space is sparsely populated to
date with the majority of ALMA observations of z > 6
quasars having black hole masses MBH > 10
9M. As
described earlier, only by fully sampling a wide range of
black hole masses can we avoid the biases imposed by
scatter.
Measuring dynamical masses at these high redshifts
with marginally resolved data is a challenge as clear ev-
idence for ordered kinematics is not usually available.
However, many z > 6 quasars do show spatially-resolved
velocities with a velocity gradient from one side of the
major axis to the other (Wang et al. 2013; Willott et al.
2013; Venemans et al. 2016; Decarli et al. 2017). Here
we follow the method of Wang et al. (2013) in assum-
ing that the observed [C ii] emission comes from a thin
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Fig. 6.— Black hole mass versus host galaxy dynamical mass for
z ≈ 6 quasars. Previous observations are shown as blue stars and
the three from this work as red squares. Error bars are not shown
on dynamical masses because there are multiple uncertainties in-
cluding unknown inclinations for nine quasars. Small circles show
sub-halo masses from the MassiveBlack-II simulation of Khandai
et al. (2015) at three redshifts near z = 6. The black line with
gray shading is the local correlation ±1σ scatter (Kormendy & Ho
2013). The new data lie below, but very close to, the z = 0 rela-
tion. The full quasar sample has a wider range of Mdyn at a given
MBH than the simulations.
disk where the observed velocity structure is entirely due
to rotation. The fact that most of the spectra are not
flat-topped or double-horned velocity profiles shows that
the thin disk assumption is indeed only an approxima-
tion of the dynamical mass. The inclination angle, i, is
determined by the ratio of the deconvolved minor (amin)
and major (amaj) axes, i = cos
−1(amin/amaj). The cir-
cular velocity is vcir = 0.75 FWHM[CII]/ sin i. Then the
dynamical mass is given by
Mdyn = 1.16× 105 v2cirDM (4)
where D is the disk diameter in kpc, calculated as 1.5×
the deconvolved Gaussian spatial FWHM.
Our sample consists of 21 of the 22 quasars discussed
in Section 4 and plotted on Figure 5. We exclude SDSS
J1044−0125 because the [C ii] and CO (6 − 5) spectra
differ, indicating complex dynamics (Wang et al. 2013).
All quasars have measured [C ii] FWHM, although for
SDSS J1148+5251 we instead use the CO observations
of Stefan et al. (2015) for the reasons discussed in Wang
et al. (2016). Four quasar host galaxies are unresolved
in the rest-frame FIR line data so for these we assume
a size of D = 4.5 kpc, which is the median of the re-
solved sources. This is a reasonable assumption as the
upper limits are generally greater than this value. Nine
quasars do not have deconvolved minor axis sizes avail-
able, so for these we assume the random orientation
angle of 55◦. For the three quasars presented in this
paper we determine dynamical masses of PSO J167−13
Mdyn = 2.3×1011M, VIMOS2911Mdyn = 4.4×1010M
and J2329−0301 Mdyn = 1.2× 1011M.
Black hole masses of the quasars are mostly based on
the Mg ii broad emission line virial calibration as re-
ported in Willott et al. (2010a); De Rosa et al. (2011,
2014); Wang et al. (2013); Venemans et al. (2013, 2015);
Wu et al. (2015); Shao et al. (2017). The uncertainties on
black hole masses are all dominated by the 0.3 dex scat-
ter in the calibration of the Mg ii virial technique. For
three quasars, Mg ii information is not available, so their
black hole masses are estimated from their UV luminosi-
ties assuming they accrete at the Eddington luminosity
as is commonly observed for such high-redshift quasars
(Jiang et al. 2007; Willott et al. 2010a; De Rosa et al.
2011).
In Figure 6 we plot the black hole mass against the
dynamical mass for these 21 z > 5.7 quasars. The three
new additions from this paper are shown as red squares.
It is clear that our effort to target quasars with low black
hole mass reveals a different picture to previous works
based mostly on the most massive black holes. All three
of our new observations show black hole masses at a given
dynamical mass below, but consistent with, the z = 0
relation of Kormendy & Ho (2013) (equating Mdyn to
Mbulge). The distribution of dynamical masses for these
three quasars is consistent with the same distribution
as for quasars with black hole masses a factor of 10 to
100 times greater. The new observations serve to enforce
the results of previous works (Willott et al. 2015a; Wang
et al. 2016) that there is no strong correlation between
the two properties in z ∼ 6 quasars, but that the scatter
is very much larger in the early universe than it is today.
We remind the reader that all the quasar data plotted
in Figure 6 has been calculated using the same rotat-
ing disk assumption for the dynamical mass, but even if
some quasar hosts are dispersion-dominated it would not
strongly affect these results. Even with the new data it
is still not yet possible to determine the true relationship
at z = 6 between dynamical mass and black hole mass
in a volume-limited sample as there will be many black
holes with still lower mass that cannot be identified as
AGN with current observations.
High-resolution cosmological hydrodynamical simula-
tions can now simulate large enough volumes to trace
the early growth of supermassive black holes. Whilst
high-resolution volumes containing the most massive
black holes are still out of reach, recent works have
enabled volumes containing black holes of mass up to
MBH = 10
8M. The MassiveBlack-II simulation of
Khandai et al. (2015) includes star formation, black hole
accretion and feedback and provides a theoretical com-
parison to our observations. In Figure 6 we show the
black hole mass and dynamical mass of the dark matter
halo catalogues from MassiveBlack-II at three redshifts:
z = 5.5, 6.0, 6.5. For the dynamical mass we use the
circular velocities of the halos from the simulation and
an assumed size equal to the median of our 21 quasars
(D = 4.5 kpc). This enables a direct comparison of the
mass within the same radius rather than the full extent of
the halo. The dynamical masses are then calculated with
Equation (4) in the same way as for the quasar sample.
The simulated quasars with MBH ≈ 108M have dy-
namical masses of Mdyn ≈ 1011M, consistent with some
of our quasars such as J2329−0301, but on average some-
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what higher than the typical dynamical mass for these
quasars of a few times 1010M. The observations show a
much greater scatter than the simulations. In part this is
because of a wider range of D for the observations than
the single value used with the simulation data, but the
observations also show a larger range of vcir. In particu-
lar the simulations predict a very steep relationship with
a wide range of black hole masses hosted by a narrow
range of halo masses, whereas the observations show a
wide spread in both properties. The slope of the cor-
relation in the simulations is much steeper than that at
z = 0 as rapid exponential accretion causes an increase in
black hole mass much faster than the slow accumulation
in dark matter halos.
6. CONCLUSIONS
The ALMA observations presented here for five z >
6 quasars with black hole masses < 109M show a
wide range of properties. The lowest optical luminos-
ity quasar, J0216−0455, is undetected in both the [C ii]
line and the continuum, indicating a star formation rate
in its host galaxy of <∼ 10M yr−1. J2329−0301, unde-
tected in ALMA Cycle 0 data, is now just detected with
SFR ≈ 10− 40M yr−1. J0221−0802 has a dust contin-
uum detection revealing SFR ≈ 90M yr−1, typical of
highly star-forming galaxies. For J0221−0802 we specu-
late the lack of a [C ii] detection is due to a velocity offset
between the line and that targeted by these observations.
VIMOS2911, despite being a low luminosity quasar, re-
sides in a host galaxy undergoing a powerful starburst
with estimated star formation rate of ≈ 250M yr−1.
The source is extended in both line and continuum with
deconvolved sizes of 2 to 3 kpc and there is a velocity
gradient across the source.
For PSO J167−13 we found a very luminous and ex-
tended source in both line and continuum, revealing a
powerful starburst with SFR ≈ 400M yr−1. In addi-
tion to an extended (5 kpc) disk with a velocity gradient,
the [C ii] data reveal a companion galaxy at a projected
distance of 5 kpc and probably at least one more velocity
component offset from the main galaxy spatial location.
This system appears to be an example of a high-density
region where a massive galaxy is forming by accretion
of star-forming sub-clumps as seen in some other z > 6
galaxy observations (Willott et al. 2015b; Maiolino et al.
2015; Decarli et al. 2017; Bowler et al. 2017) and in simu-
lations of [C ii] emission in the early universe (Katz et al.
2017; Pallottini et al. 2017).
We have investigated the ratio of [C ii] to far-IR emis-
sion in a sample of 22 z > 5.7 quasars. We found a corre-
lation between this ratio and the far-IR luminosity with
a logarithmic slope of −0.53, similar to the slope seen
in nearby luminous and ultraluminous galaxies. How-
ever, the high-redshift quasar sample is offset by a factor
of three compared to the low-redshift galaxies. This in-
crease in [C ii] line luminosity at higher redshift could
be due to lower dust content, lower metallicity or higher
gas masses. For two of our quasars where it could be
measured, the size of the [C ii]-emitting region is larger
than the size of the dust-emitting region, which has been
seen in other high- and low-redshift galaxies (Wang et al.
2013; Cicone et al. 2015; Venemans et al. 2016; Smith
et al. 2017).
Our study significantly increases the number of high-
redshift quasars containing moderate mass black holes
with measured dynamical masses. All three quasars in
this paper fall below the MBH −Mdyn relation for low-
redshift galaxies, contrary to what has been observed
to date for high-redshift quasars with higher black hole
masses. The distribution of dynamical masses for these
three low black hole mass quasars is consistent with the
distribution for quasars with black hole masses ten to a
hundred times greater. There is no significant correlation
between these two properties in high-redshift quasars,
but there is a much larger scatter than seen in galaxies
in the local universe. We compared our measurements
with the results of simulations of MBH ≈ 108M quasar
hosts (Khandai et al. 2015). The simulated quasars re-
side in a narrower range of halo masses than the observed
quasars, with a typical value a little higher than the me-
dian of the observations in the same black hole mass
range. However the simulations do predict a relatively
weak correlation between these two quantities at z ≈ 6,
as observed. The weak correlation is likely an effect of
the rapid accretion growth of supermassive black holes
at early times. In contrast, at later times, merging and
AGN feedback tighten the relationship.
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